Neuronal firing is regulated by the complex interaction of multiple depolarizing and hyperpolarizing currents; intrinsic firing, which defines the neuronal ability to generate action potentials in the absence of synaptic excitation, is particularly sensitive to modulation by currents that are active below the action potential threshold. Cerebellar unipolar brush cells are excitatory granule layer interneurons that are capable of intrinsic firing; here we show that, in acute mouse cerebellar slices, barium-sensitive background potassium channels of unipolar brush cells effectively regulate intrinsic
INTRODUCTION
One of the most intriguing electrophysiological properties of neural cells is the ability of some types of neuron to fire action potentials in the absence of excitatory synaptic inputs. Whereas the generation of action potentials is exclusively mediated by voltagegated channels (Hille 2001) , the values of resting membrane potential and input resistance, both of which are important in determining the ability of a neuron to fire spontaneously, are determined by the complex interplay of multiple voltage-gated and voltage-independent (leak) conductances (Raman et al. 2000; Jackson et al. 2004; Meuth et al. 2006; Russo et al 2007) . In most neurons the value of the resting membrane potential is more negative than the action potential threshold, due to the dominant role played by potassium-selective channels among the leakage conductances (Hodgkin and Huxley 1952; Millar et al. 2000; Talley et al. 2000; Taverna et al. 2005) . Most of the potassium selective channels that are open at rest are members of either one of two major families, KCNK and KCNJ. KCNK channels are voltage-independent channels that are modulated by an unusually large array of chemical, thermal and mechanical stimuli (Lesage 2003) . The KCNJ family comprises the inward rectifiers, some of which are regulated by metabotropic GABA and glutamate receptors through G proteins (Hille 1992; Saugstad et al. 1996) .
Cerebellar unipolar brush cells (UBCs) are excitatory interneurons located in the granular layer of the cortex (Mugnaini and Floris 1994; Diño et al. 2000; Nunzi et al. 2001; Ito 2006) . These cells show multimodal firing patterns (Diana et al. 2007 ) and are capable of intrinsic firing, which is mediated by voltage-gated sodium channels and a TRP-like conductance (Russo et al. 2007 ). The UBC typically has a single, short 4 dendrite terminating in a brush of dendrioles; it receives glutamatergic input on the brush from an individual mossy fiber (Diño et al. 2000) through an unusually extensive synapse with multiple presynaptic sites, which results in fast and peculiarly slow currents mediated by AMPA and NMDA receptors (Mugnaini et al. 1994; Rossi et al. 1995) . Moreover, cerebellar UBCs express one or more types of metabotropic glutamate receptors (mGluRs) (Ohishi et al. 1993 (Ohishi et al. , 1998 Neki et al 1996a,b; Takács et al., 1999; Nunzi et al. 2002; Sekerková et al., 2005) that are highly enriched in the peri-and extrasynaptic portion of the membrane of the brush dendrioles and are also present in the plasma membrane of the dendritic trunk and cell body (Jaarsma et al. 1998 ). Here we show that activation of group II mGluRs produces dynamic control of UBCs' intrinsic firing.
METHODS

Slice preparation
All experiments conformed to protocols approved by the Northwestern University Animal Care and Use Committee (ACUC). We followed guidelines issued by the National Institutes of Health and the Society for Neuroscience to minimize the number of animals used and their suffering.
CD1 male, 24-38 day-old mice (Charles River Laboratories, Inc., Wilmington, MA; or Harlan, Indianapolis, IN) were deeply anesthetized with isoflurane (0.3ml in 1l administered for ~90 sec.) and killed by decapitation. The cerebella were quickly removed from the skull and placed in ice-cold modified artificial cerebrospinal fluid containing (in mM): 87 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 7 MgCl 2 , 5 75 sucrose, 25 glucose and 1 kynurenic acid, bubbled with 95% O 2 and 5% CO 2 .
Parasagittal slices, 300 µm-thick, were cut from the vermis using a vibrating blade microtome (Ted Pella Inc, Redding, CA, USA). Slices were incubated at 35 °C for 20-30 minutes and then stored at room temperature. All recordings were performed from cells in lobules IX and X. During recording, slices were continuously superfused with physiological extracellular solution containing (in mM): 125 NaCl, 25 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 1.5 CaCl 2 , 1 MgCl 2 and 25 glucose, bubbled with 95% O 2 and 5% CO 2 .
Slices were visualized with an Axioskop FS (Zeiss, Jena, Germany) upright microscope using infrared differential interference contrast video-microscopy under a water-immersion 60X objective.
Electrophysiological recordings.
Pipettes were pulled from Garner glass (Claremont, CA, USA) using a horizontal puller (P97, Sutter, Novato, CA) and filled with internal solution consisting of (in mM): Kgluconate 140, MgCl 2 2, EGTA 10, Na 2 ATP 2, NaGTP 0.1, HEPES 10, pH 7.3 with KOH. Pipette tip resistances in working solutions ranged from 5 to 8 MΩ yielding series resistances of 10 to 25 MΩ.
Recordings were performed at 22-24 °C (except for the data in figure 10) using an Axopatch 200B amplifier (Axon Instruments, Foster City, CA, USA; now MDS Analytical Technology, Toronto, Canada). Current signals were low-pass filtered at 2 or 5 kHz (4-pole low-pass Bessel filter on amplifier) and digitized (10 kHz) using a Digidata 1321A controlled by pClamp8 software interface (MDS Analytical 6 Technology, Toronto, Canada). Signals from current-clamp recordings were sampled at 20 kHz and filtered at 10 kHz.
Visually identified UBCs were patched and their identification was confirmed by their characteristic input resistance and membrane capacitance that allow the unambiguous differentiation of these neurons from adjacent granule and Golgi cells (typical values of input resistance and membrane capacitance are 500-600 MΩ and 20-25 pF in UBCs; >1 GΩ and 4-5 pF in granule cells; 400-600 MΩ and 100-200 pF in Golgi neurons, Dieudonné 1998; Forti et al. 2006; Russo et al. 2007 ). Series and input resistance were monitored at regular intervals (4-5 minutes) during the experiments.
Data of specific input resistance were calculated from capacitance measurements performed in voltage clamp and assuming specific membrane capacitance of 1μF/cm 2 .
Spontaneous activity was recorded in the presence of 2 mM kynurenic acid, 100 µM picrotoxin and 1 µM strychnine to block fast synaptic transmission. Drugs were bath applied. Drugs and chemicals were from Sigma (St. Louis, MO), except 4- 
Post-hoc visualization of recorded neurons.
A subset of the recorded UBCs was also labeled for anatomical reconstruction. These cells were filled with biocytin (0.5%) through the recording pipette. At the end of the recording, slices were fixed in 4% freshly depolymerized paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) for 24 h, at 4-6°C. After fixation slices were rinsed in PB several times and subsequently treated with hydrogen peroxide (1% in a solution made of 10% methanol, 90% PB) for 10 minutes and finally rinsed in PB 5 times.
Slices were finally incubated in PB containing 1% avidin-biotinylated horseradish peroxidase complex (ABC, Vector laboratories, Burlingame, CA) for 2 hours at 20-22°C. Excess ABC was removed by several rinses in PB and the slices were developed with 0.05% 3,3'-diaminobenzidine (DAB). Finally slices were embedded in Mowiol (Aldrich, Milwaukee, WI) to be examined by bright-field light microscopy.
Immunocytochemistry
Two CD1 mice, 35 day-old, were deeply anesthetized with i.p. sodium pentobarbital (60 mg/kg body weight) and perfused through the ascending aorta with saline followed by 4% freshly depolymerized paraformaldehyde in 0. was used with either a 40X plan-fluor lens (numerical aperture 1.3) or a 60X plan-apochromatic lens (numerical aperture 1.4). To minimize spillover between the channels the images were sequentially acquired and saved as tiff files with 300 pixels/inch resolution. All images were processed with Adobe Photoshop to adjust brightness/contrast without further editing.
RESULTS mGluR activation inhibits intrinsic firing.
We performed whole cell recordings from UBCs in acute cerebellar slices from 24 to 38 day-old mice, an age at which these neurons are believed to have attained full maturation (Morin et al., 2001) . A first set of experiments was designed to test the presence of background currents modulated by mGluRs. To this aim, the broadspectrum mGluR agonist (±)-trans-ACPD (0.1 mM, hereafter t-ACPD) was applied to the bathing solution during current clamp recordings obtained in the presence of blockers of fast synaptic transmission (3 mM kynurenic acid, 0.1 mM picrotoxin and 1μM strychnine). t-ACPD induced a membrane hyperpolarization that strongly inhibited intrinsic firing ( Figure 1 ) and in some cases the magnitude of the hyperpolarization was large enough that it led to a complete cessation of firing; this effect was promptly reversible upon washout of t-ACPD ( Figure 1A ). In order to understand the mechanism mediating the hyperpolarization we first examined the effect of t-ACPD on UBCs' input resistance. Bath application of t-ACPD consistently led to a decrease in input resistance (from 15.2±2.2 kΩ·cm 2 to 11.1±1.7 kΩ·cm 2 , p<0.05, 9 cells, Figure 1C ), suggesting the opening of a background conductance. Moreover, the magnitude of the input resistance drop showed a linear correlation with the effect of t-ACPD on firing frequency (r=0.71, p<0.05, Figure 1D ), which suggested that the t-ACPD-induced hyperpolarization was the main reason for the reduction in firing frequency. These data showed that mGluR activation in UBCs leads to inhibition of intrinsic firing through the modulation of a background conductance.
To further characterize the properties of the mGluR-dependent current, voltage clamp recordings were obtained in control conditions and in the presence of t-ACPD (100 μM).
Cells were patched in whole cell and the voltage was slowly ramped from -112 to -62 mV ( Figure 2A -B). As we expected, t-ACPD increased the background current. The mGluR-sensitive current, obtained by digital subtraction ( Figure 2C ), had a reversal potential of -88±7 mV (n=3) and showed inwardly rectifying current/voltage relation suggesting that the mGluR are coupled to KCNJ channels.
Basal activation of mGluR receptors in UBCs.
Acutely dissociated cerebellar UBCs have been shown to express a G protein-coupled inward rectifier current that is strongly sensitive to barium (Knoflach and Kemp, 1998).
Thus we tested whether barium (500 μM) could antagonize the effect of t-ACPD on the current. Cells were first exposed to a saturating concentration of t-ACPD to fully activate the current and then barium was added to the bath solution. Barium not only completely abolished the current that was previously activated by t-ACPD, but also induced a further decrease of the background potassium current indicating a basal level of mGluR activation in the slice ( Figure 2B ). The current/voltage relation of the barium sensitive current was very similar to the t-ACPD activated current ( Figure 2D ), suggesting that both currents were mediated by the same channels. Having shown that barium effectively blocks the t-ACPD-sensitive current, we reasoned that -if activation of the background potassium current is the only mechanism responsible for the inhibition of intrinsic firing by t-ACPD -barium should rescue intrinsic firing in cells inhibited by mGluR activation. Figure 3 shows that this was the case; barium (0.5 mM) rescued intrinsic firing; additionally, in keeping with the idea of a basal level of mGluR activation, UBCs' firing frequency actually increased when barium was applied on top of t-ACPD ( Figure 3) ; this increase was paralleled by an increase of the input resistance (from 16.9±3 kΩ·cm 2 in control conditions to 26.8±3.5 kΩ·cm 2 in t-ACPD+barium, Figure 3F , n=5, p<0.05), as expected if barium blocks a background conductance.
Identification of the mGluR subtype regulating intrinsic firing in UBCs.
Currents linked to group II mGluRs have been described in dissociated UBCs (Knoflach and Kemp, 1998); therefore we investigated whether group II mGluRs activation by the selective agonist (2R,4R)APDC (10 μM) affects intrinsic firing of UBCs in acute slices.
Indeed, group II mGluR activation reduced the firing frequency through membrane hyperpolarization (Figure 4) , similarly to the effect described for the broad-spectrum mGluR agonist t-ACPD. Further confirmation of the identity of the mGluR mediating the inhibitory response in UBCs was obtained from a set of experiments in which the (2R,4R)APDC-activated current was reversed by the selective group II mGluR antagonist LY341495. In the 9 cells tested for these experiments, (2R,4R)APDC reduced the average firing frequency from 18.7±2.6 Hz in control to 10.7± 3 Hz (n=9, p<0.05); addition of LY341495 on top of (2R,4R)APDC almost completely reversed the effect of (2R,4R)APDC (the firing frequency increased from 10.7± 3 Hz to 16.1±2.5 Hz, n=9, p<0.05, Figure 5 ). Similar results were obtained for the input resistance:
(2R,4R)APDC-mediated mGluR activation reduced the input resistance from 17.5±3 12 kΩ·cm 2 to 11.3±1.5 kΩ·cm 2 (n=8, p<0.05); application of LY341495 on top of (2R,4R)APDC completely reversed the effect of (2R,4R)APDC and the input resistance value rebounded to 21.3±2.7 kΩ·cm 2 (n=8, p<0.05, Figure 5C ). It is noteworthy that in 6 of 8 cells tested the input resistance value measured in (2R,4R)APDC +LY341495 was actually larger than in control condition (before application of (2R,4R)APDC), supporting the idea that the barium-sensitive background current described in figure 3 is regulated by type II mGluR.
In separate experiments, the effect of the specific group I mGluR agonist L-quisqualate (5 μM) on UBCs was also tested (Supplemental Fig.1 ). L-quisqualate did not produce any notable effect on either the firing frequency (15±2.1 Hz in control versus 15.7±2.4
Hz in L-quisqualate, n=4) or the input resistance (11.5±1.9 vs. 12.5±1.4 kΩ·cm 2 in control and L-quisqualate, respectively, n=4), thus suggesting that group I mGluRs do not play an important role in controlling UBC firing.
Group II mGluRs are widely expressed by UBCs.
Cerebellar UBCs consist of two morphologically similar but chemically diverse subsets, one of which is characterized by expression of the calcium binding protein calretinin (CR) and the other by expression of the metabotropic glutamate receptor mGluR1α (Nunzi et al. 2002) . Although previous immunocytochemical investigations identified the presence of mGluR2 expressing UBCs in the rodent cerebellum, these studies did not further investigate the chemical phenotypes of the mGluR2-positive cells. Therefore, we tested whether expression of mGluR2s is a property shared by the entire UBC population or it is restricted to one or the other of the two subsets. As shown in Figure 6 , mGluR2 signal co-localized with both CR and mGluR1α in mouse (as well as rat, not shown) UBCs. Thus, the effect of Group II mGluRs activation on cell firing may be considered a general property of UBCs, as was also suggested by the homogeneity of the electrophysiological responses.
Properties of the mGluR-activated potassium current.
As shown in Figure 2 , the mGluR-activated potassium current of UBCs is sensitive to barium, the most widely used blocker of background potassium currents. While these data showed that there is no significant activation of tertiapin-sensitive currents by the basal glutamate levels present in acute slices, it was still possible that the currents mediated by t-ACPD-induced mGluR activation are tertiapin-sensitive. Figure 8 shows that this was the case: when applied following mGluR activation by 100 μM t-ACPD, tertiapin caused a significant cell depolarization (from -96.9±7 mV to -89.5±5.6 mV, p<0.05, 7 cells, Figure 8A ,B) in parallel with an increase of the input resistance (from 9.4±1.9 kΩ·cm 2 in t-ACPD to 13.4±2.5 kΩ·cm 2 in t-ACPD+tertiapin, 14 n=4, p<0.05, Figure 8D ), although it never restored intrinsic firing. Thus, the background potassium current of UBCs comprises two distinct components, which can be distinguished on the basis of their sensitivity to tertiapin. Of these components, the mGluR activation inhibits UBCs' firing at near-physiological temperature.
All the experiments described so far were performed at 22-24 °C. However, basal slice levels of glutamate might vary with temperature; if so, the effect of mGluR activation on intrinsic firing may differ at near-physiological temperature. Therefore we tested the effect of t-ACPD on intrinsic firing of UBCs at ~35°C. Figure 10 shows that, similar to what observed at room temperature, UBCs are intrinsically firing ~35°C and mGluR activation has a strong and reversible inhibitory effect. In response to t-ACPD application, the firing frequency dropped from 11.4±2.9 Hz in control to 0.54±0.59 Hz in t-ACPD (n=6, p<0.05). Similar to the effect observed at lower temperature, the decrease in firing frequency was due to a large hyperpolarization ( Figure 10A ).
DISCUSSION
We performed patch clamp recordings from acute mouse cerebellar slices to investigate the regulation of intrinsic firing in UBCs. We found that mGluRs show a basal level of activation and that the up-or down-regulation of inward rectifier currents, most likely linked to group II mGluRs, effectively modulate UBCs' intrinsic firing. As we show that mGluR2 protein is present in both CR + /mGluR1α -and CR -/mGluR1α + UBCs, the effects described here are most likely a general property of the entire UBC population.
Postsynaptic action of group II mGluR.
Inhibitory effects of group II mGluRs are quite common in the CNS. In most cases, however, mGluR2 action is mostly presynaptic (Hayashi et al. 1993; Manzoni et al. 1995; Han et al. 2006) . Postsynaptic effects of group II mGluRs are less frequent, although they have been previously described; in the cerebellum, they were demonstrated in Golgi cells (Watanabe and Nakanishi 2003) , which are another type of intrinsically firing granular layer interneuron. In UBCs, mGluR activation has large postsynaptic effects through the activation of inward rectifier channels. These data are consistent with the detection in UBCs of mGluR2 message and protein expression (Ohishi et al 1993 (Ohishi et al , 1998 Neki et al 1996a,b; Jaarsma et al. 1998; Sekerková et al. 2005 ) and of mGluR2-dependent inward rectifier current in acutely dissociated rat UBCs (Knoflach and Kemp 1998).
Nature of the background potassium current.
It has been suggested that GIRK2 subunits mediate post-synaptic currents activated by several metabotropic receptors (Lüscher et al. 1997) . A current with functional properties resembling those of GIRK channels has been described in dissociated UBCs Aguado et al (2008) have shown that mouse UBCs express the GIRK2 and GIRK3 subunits. These data raise the possibility that the currents activated in UBCs by ambient glutamate levels may be mediated by GIRK channels. Analysis of the tertiapin sensitivity, on the other hand, shows that at least two components, one sensitive and one insensitive to this toxin contribute to the background potassium current in UBCs. Because tertiapin sensitivity is a dominant feature in heteromeric channels composed of both tertiapin sensitive (such as Kir3.3 and 3.4) and insensitive (such as Kir3.1) subunits (Ramu et al. 2004 ), the fact that tertiapin did not affect intrinsic firing frequency seem to exclude a major contribution of GIRK3 (Kir3.3) subunits to the tonic potassium current in acute slices. At the same time, pharmacological mGluR activation produced a current that was partly sensitive to tertiapin. A parsimonious interpretation of the data suggests that the same mix of currents is active in basal condition and after pharmacological mGluR activation, and that the larger currents in t-ACPD allow better resolution of the toxin effect. The possibility of a pure GIRK2-mediated current, on the other hand, is also unlikely because the I/V plot of the LY341495-sensitive current ( Figure 9 ) shows saturation at membrane potentials negative to -130 mV; while this is similar to the background potassium current described in acutely dissociated UBCs (Knoflach and Kemp 1998), it differs from the typical features of the GIRK2-mediated current expressed in heterologous expression systems (Inanobe et al. 1999) . Thus, unambiguous identification of the molecular composition of the mGluR-sensitive potassium channel(s) in UBCs will require further experiments.
(Knoflach and Kemp 1998). More recently, Harashima et al. (2006) and
The complex action of glutamate on UBCs.
The findings presented here suggest a complex and somewhat unexpected action of glutamate on cerebellar UBCs. It is known that the effect of synaptically released glutamate on UBCs results in unusually long lasting AMPA and NMDA responses due to the anatomical structure of the glomerulus (Rossi et al. 1995; Nunzi et al. 2001 ). Our results show that glutamate can have inhibitory effects as well. Activation of mGluRs by spillover of glutamate, which is likely to follow synaptic release because of the peculiar structure of the mossy fiber-UBC synapse in which mGluRs are characteristically localized lateral to the post-synaptic density (Jaarsma et al. 1998) , leads to the activation of an inwardly rectifying, barium-sensitive potassium conductance. The ensuing hyperpolarization strongly inhibits intrinsic excitability, possibly leading to a complete elimination of intrinsic firing.
Functional considerations
It has been proposed that in vivo neurons may switch between pace-making and silent mode in relation to behavioral requirements (Ramirez et al. 2004) . Thus, the 
